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Abstract 
 
X. Qu, Enzymatic Hydrolysis of Paulownia pulp, 78 pages, 6 tables, 23 figures, 2018 
 
As one of the most abundant polymers on earth, cellulose is an important industrial raw 
material and source of renewable energy. The enzymatic hydrolysis of cellulose to 
glucose by cellulase is one of the major methods to convert lignocellulosic biomass to 
biofuel and biomaterials. Enzymatic hydrolysis, catalyzed by cellulase, is a 
heterogeneous reaction, which is influenced by characteristics of cellulose (e.g. 
crystallinity, the degree of polymerization and accessible surface area) and other biomass 
components (lignin and hemicellulose). In this study paulownia pulp, after hot-water 
pretreatment and delignification was utilized as the substrate while a preparatory 
commercial cellulase composed of endoglucanase, exo-glucanase, and β-glucosidase was 
employed as the catalyst. The effect of temperature and pH were investigated. In the 
temperature experiment, the highest yield of sugar was reached at 55°C in 72 hours. For 
the pH, the highest conversion was achieved at 4.8 in 96 hours.  Kinetic studies were 
performed with different enzyme loadings. Proton NMR was used for the quantification 
of glucose and cellobiose. The highest glucose yield in 166 hours was found to be 62.5% 
at 18.5FPU/g while cellobiose remained at a low and constant concentration during the 
process. A kinetic model was developed based on a proposed mechanism to explain the 
production of glucose. The hydrolysis rate was found to increase with increasing 
temperature at short reaction times, while decrease with increasing temperature at long 
reaction times. The kinetic model optimized with one set of data was further tested with a 
different set of enzymatic hydrolysis data. 
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1.1 Introduction 
Biofuels have attracted intensive attention since the energy crisis of the 1970s. As an 
abundant and renewable resource, lignocellulose has been widely studied as a raw 
material for biofuel use. The general process of biofuel and biomaterial production from 
lignocellulose conversion includes four main steps: (1) pretreatment, (2) hydrolysis, (3) 
fermentation, and (4) recovery [1]. Different methods have been developed in each step 
with different efficiencies. In the hydrolysis step, the use of hydrolytic enzymes was 
preferred for the advantages of higher yields, higher selectivity, lower energy costs and 
milder operating conditions compared with other methods. It is one of the most studied 
strategies to increase the production of biofuels [2].  
    Enzymatic hydrolysis of cellulose are catalyzed by highly specific cellulase enzymes 
and the hydrolytic products are reducing sugars such as glucose and cellulose oligomers. 
The advantages of enzymatic hydrolysis over acid hydrolysis are lower utility 
requirements due to its milder conditions (pH 4.8 and temperature of 45-50°C) without 
significant corrosion issues [3]. However, the commercialization of this method has been 
long delayed by the high cost of the enzyme and the lack of an effective reactor system 
for the complex interfacial heterogeneous catalysis [4]. Towards those issues, substantial 
efforts have been made within the fields of microbiology, enzyme production, and 
refinery processes. For example, with enhanced levels of β-glucosidase, cellulase 150 L 
was shown to have higher efficiency [5]. Meanwhile, dramatic progress was announced 
recently in reducing glycosyl hydrolase costs by a factor of 20 to 30 [2]. While these 
developments have significantly increased the efficiency of enzymatic hydrolysis, it is 
still necessary to have more improvements to develop a commercially viable process, 
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which requires a more fundamental understanding of the structure of lignocelluloses and 
the function of their degrading enzymes.  
Enzymatic hydrolysis is influenced by both structural characteristics of cellulose (such 
as the degree of polymerization, crystallinity and accessible surface area) and the 
mechanism of the cellulase reaction system (such as end-product inhibition, synergism). 
Cellulose is a linear condensation polymer consisting of D-anhydroglucopyranose joined 
together by β-1,4-glycosidic bonds (Fig.1). Through hydrogen bonds and van der Waal’s 
forces, adjacent cellulose molecules can form a parallel alignment and a crystalline 
structure [6]. The extensive interchain and intrachain hydrogen bonds produce the 
straight, stable supramolecular fibers with great tensile strength [7]. 
 
Figure 1. Structure of cellulose featuring repeating β 1,4-linked anhydrocellobiose 
units [6]. 
 
Cellulase has been found to be a system of 3 different enzymes whose combined 
actions can degrade the cellulose [8]. Based on the different functions, the three major 
types of enzymes were named as: (i) endoglucanases (EG) or 1,4-β-D-glucan-4-
glucanohydrolases (EC 3.2.1.4), (ii) exoglucanases, including 1,4-β-D-glucan 
glucanohydrolases (also known as cellodextrinases) (EC 3.2.1.74) and 1,4-β-D-glucan 
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cellobiohydrolases (CBH) (EC 3.2.1.91), and (iii) scheme (BGL) or β-glucoside 
glucohydrolases (EC 3.2.1.21). Endoglucanases cut randomly at internal amorphous sites 
in the cellulose polysaccharide chain, generating oligosaccharides with various lengths 
and new chain ends. Exoglucanases act on the reducing or non-reducing ends of cellulose 
polysaccharide chains, liberating cellobiose as major products. Exoglucanases can also 
act on microcrystalline cellulose, presumably peeling cellulose chains from the 
microcrystalline structure [9]. β-Glucosidases hydrolyze soluble cellobiose to glucose. 
While each enzyme plays an individual role, the overall effect observed in cellulose 
degradation is a synergistic interaction between each component in the enzyme system. 
A kinetic study of observable properties of hydrolysis system can be helpful for the 
design and economic optimization. But the complexity of cellulose-cellulase system and 
the incomplete understanding of the hydrolysis mechanism make it difficult for 
mathematical modeling. Extensive research of cellulose hydrolysis kinetics has been 
carried out over last few decades. The kinetics model by Wald at al. [10] incorporated 
enzyme adsorption, product inhibition and considered the existence of multiple enzymes 
in the system. The model worked well on the simulation of substrate with high 
concentration (up to 333g/l). Gusakov et al. [11] established a mathematical model to 
describe the kinetics of products. Their model considered the composition of the cellulase 
complex, structural complexity of cellulose, product inhibition, and enzymes inactivation 
with satisfactorily prediction of the changing concentration of glucose and cellobiose 
from 5 to 100g/l. In 2013, South et al. [12] presented the model for a Simultaneous 
Saccharification and Fermentation (SSF) process. The model described the bioconversion 
of lignocellulose to ethanol in batch and continuous operations, and considered the effect 
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of the radius of spherical cellulose particles, formation of different enzyme-substrate 
complexes, and mass transfer issues. In conclusion, these previous efforts on kinetics 
modeling of enzymatic cellulose hydrolysis comprised many of the vital phenomena 
which needed to be described. 
Commonly, studies of enzymatic hydrolysis of cellulose or lignocellulosic fibrous 
materials were performed in 72 hours [67] [68]. It was believed that increasing the 
reaction time from 72 hours usually resulted in very little increase in glucose production. 
But the concentration of product can’t reach equilibrium in 72 hours. Without the 
complete trend of the process, the data is not reliable enough for mechanistic kinetic 
study. 
In this study, paulownia pulp after pretreatment by hot water extraction and 
delignification was utilized as the substrate while a preparatory commercial cellulase, 
which contains three types of enzymes: endoglucanase, exo-glucanase, and β-glucosidase, 
was employed as a catalyst. The effect of temperature, pH and enzyme loading were 
investigated. The phenomena of enzyme adsorption, inhibition from sugars, and 
inactivation of enzyme were considered in kinetics model. The hydrolysis was conducted 
for a long enough period to let product reach equilibrium and sufficient experimental data 
were collected to validate the kinetic model. The model is capable of predicting the 
glucose concentration produced under the conditions studied. 
 
1.2 Outline of Thesis 
Chapter 1: Introduction 
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    This chapter gives a brief introduction to the background of this project. It explains the 
objective of this study, which provides readers a general idea of the major contents and 
achievements of this study. 
Chapter 2: Literature Review 
    The previous studies are thoroughly demonstrated in this chapter. The background is 
divided into two sections: the structure of cellulose and the mechanism of cellulase. 
Chapter 3: Methodology 
    In this chapter, the experimental method is introduced, including the methods and 
instruments for enzymatic hydrolysis, compositional analysis of wood pulp, and NMR 
characterization and quantification of products. 
Chapter 4: Results and Discussion 
    The experimental results are presented and discussed in this chapter as follows: 1. 
Sugar determination of wood pulp; 2. Characterization and quantification of products by 
NMR; 3. The effect of temperature, pH, and enzyme loading on enzymatic hydrolysis; 4. 
Kinetic modeling and data regression. 
Chapter 5: Conclusion 
    This chapter concludes the results of experiment and model simulation and illustrates 
the achievement of this work. 
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Chapter 2 
Literature Review 
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2.1 Cellulose 
2.1.1 Structure of cellulose    
    Cellulose is considered to be the most abundant organic compound derived from 
biomass. The worldwide production of cellulose is estimated to be between 1010 and 1011 
tons each year and about 6×109 tons are processed by industries such as paper, textile, 
material, and chemical industries [13]. 
    Cellulose is a linear homopolysaccharide consisting of D-glucopyranose joined 
together by β-1,4-glycosidic bonds. Cellobiose comprised of two glucose rings is the 
building block of cellulose. The molecular weight of cellulose is about 50,000-2500000; 
it varies widely depending on the source of cellulose. Adjacent glucopyranose molecules 
are rotated 180° with respect to their neighbors (Fig.2) to make cellulose highly 
symmetrical while each side of the chain has an equal number of hydroxyl groups.  
 
Figure 2. Structure of cellulose featuring repeating block: β 1,4-linked cellobiose [14]. 
 
    Every glucopyranose unit has three hydroxyl groups: one primary group at C6 and two 
secondary groups at C2 and C3; all of them are in the equatorial position to make whole 
structure more stable. The abundance of hydroxyl groups provides a fundamental 
condition to form inter- and intrachain hydrogen bonds in cellulose. When considering 
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the formation of the hydrogen bond, the conformation of the C6 hydroxymethyl group 
plays an important role. There are three possible minimum energy conformations for 
hydroxymethyl group: trans-gauche (tg), gauche- trans (gt) and gauche-gauche (gg). 
(Fig.3) [15] In native cellulose, the form found in nature, tg is the most common 
conformation. With tg structure, O6 is qualified to form an intrachain hydrogen bond with 
H2 and H6 could form an inter-hydrogen bond with O3. 
 
 Figure 3: The three most possible rotational positions of the hydroxymethyl group at C6: 
gt, gg, and tg [15]. 
 
   The formation of intra-chain hydrogen bond stabilizes the linkage and results in the 
linear configuration of cellulose chain. Meanwhile, by the inter-chain hydrogen bond and 
van der Waals’s forces, adjacent cellulose molecules form a parallel alignment and a 
crystalline structure [6]. In higher plants, about 36 cellulose chains are aggregated into 
elementary fibrils with a width about 5.3nm [16]. And branches of elementary fibrils are 
embedded in a matrix of hemicellulose and lignin to build microfibrils. Hemicellulose is 
composed of complex heteropolymers, such as xylan, glucuronoxylan, arabinoxylan, 
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glucomannan, and xyloglucan. Unlike cellulose, hemicellulose has a random and 
amorphous structure, which can be easily hydrolyzed. Lignin is an aromatic 
heteropolymer synthesized by free-radical condensation of aromatic alcohols, which can 
inhibit the enzymatic hydrolysis of cellulose [17]. Within microfibrils, there are highly 
ordered crystalline regions and disordered amorphous regions. Crystalline and amorphous 
regions provide strength and elasticity respectively for cellulose.  
    It was suggested that the amorphous materials are consisted mainly of surface chains. 
Crystalline structure is an important feature of cellulose, relatively unusual in the 
polysaccharide world. The crystalline nature of cellulose implies a structural order in 
which all of the atoms are fixed in discrete positions with respect to one another. Besides, 
the component molecules of individual microfibrils are packed tightly to prevent 
penetrations not only by enzymes but also even by small molecules such as water [9]. 
2.1.2 Biosynthesis of cellulose     
The process of cellulose biosynthesis determines its structural features. To better 
understand the characteristics of cellulose structure, the study of cellulose biosynthesis is 
of great importance. Such studies have been performed for decades but with little 
progresses. One major reason is the unstableness of cellulose synthase (CesA) in the in 
vitro environment. It is also known that UDP-α-glucopyranose is the substrate for 
cellulose biosynthesis. However, UDP-α-glucopyranose can be used for other enzymes as 
well such as lignin and hemicellulose synthases, which poses another challenge or 
requirement to separate cellulose synthase with high purity. With the development in the 
genetic engineering field, recent studies of cellulose biosynthesis start to produce 
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cellulose synthase through the genetic cloned RNA segment, which has significantly 
improved people’s understanding in the cellulose biosynthesis process [18]. 
As introduced, CesA is the basic unit in the cellulose biosynthesis process. It has been 
reported that there are two active sites in one unit of CesA. A proposed mechanism is that 
during the polymerization process, two UDP-α-glucopyranose molecules are first 
attached to the two active sites. The enzyme is capable of inverting the reducing end of 
the substrates from α to β while catalyzing the formation of glycosidic bonds on the non-
reducing end of the cellulose chain. After the polymerization, cellulose chain is extruded 
through the enzyme and leaves the active sites available for later substrates [19]. Since 
the enzyme adds two UDP-α-glucopyranose molecules simultaneously on the cellulose 
chain, the polymerization is also called the dual addition process. One controversial point 
lies in the cleavage of UDP units. Whether the UDP units need to be cleaved before the 
extrusion of the cellulose chain is still not clear. 
It has been found that natural cellulose fiber is not structured from isolated cellulose 
chains but in microfibrils. Microfibrils has the width from 5-30 nm depending on species. 
Further characterization of microfibrils from higher plant discovered that microfibrils are 
constructed from elementary fibrils while each elementary fibril consists of 36 individual 
cellulose chains in a hexagon. The ordered structure of an elementary fibril can be 
explained by its synthetic method. It has been observed that in higher plants that CesAs 
are organized as hexagon complexes known as rosettes. Each rosette consists of 6 rosette 
subunits and a rosette subunit is constructed from 6 CesAs. During cellulose biosynthesis, 
the 36 CesAs in rosettes extrude cellulose chains simultaneously which results in the 
organized structure of elementary fibrils [20]. The 36 chains from a rosette are bound 
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with each other through hydrogen bonds. However, whether hydrogen bonds are formed 
instantly after the extrusion is not clear. Cellulose chains on the surface of an elementary 
fibril are not hydrogen bound towards the outside, which explains the existence of the 
amorphous region in the cellulose structure. 
2.1.3 Polymorphs of cellulose 
    There are four different polymorphs of cellulose: cellulose I, II, III and IV. Cellulose I, 
native cellulose, is the form found in nature. Cellulose II, or regenerated cellulose, the 
most stable crystalline form, emerges after regeneration, which is the solubilization of 
cellulose I in a solvent followed by reprecipitation by dilution in water to produce 
cellulose II, or mercerization with aqueous sodium hydroxide. The major distinction 
between these two forms of cellulose is the different layouts of their atoms: cellulose II 
has antiparallel packing, whereas the chains of cellulose I run in a parallel direction. The 
parallel packing means that all of reducing ends of cellulose chains are oriented in the 
same direction while antiparallel packing means reducing ends are on alternated sides. 
Cellulose IIII and IIIII are obtained by ammonia treatment of cellulose I and II, 
respectively, and cellulose IV could be prepared by heating cellulose IIII and cellulose 
IIIII respectively to 206°C in glycerol. [15] 
    For cellulose I, it has two allomorphs, a triclinic structure Iα and a monoclinic structure 
Iβ. (Fig.4) Both allomorphs coexist in different proportion depending on different 
sources. Cellulose Iα is more dominant in algae and bacteria while cellulose Iβ is 
dominant for higher plants and tunicates. Cellulose Iβ is more thermodynamically stable 
compared to cellulose Iα. By hydrothermal treatments at about 260°C, cellulose Iα can be 
converted to cellulose Iβ in alkaline solution. The main difference between cellulose Iα 
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and Iβ is the relative displacement between cellulose sheets. For Iα, between each 
subsequent hydrogen-bond planes, the relative displacement is c/4 while Iβ is +c/4 or –
c/4. [14] 
  
 
Figure 4. Schematic of the unit cells of cellulose Iα (dashed line) and Iβ (solid line). (a) 
The configuration of cellulose Iα and Iβ unit cell. (b) For Iα, between each subsequent 
hydrogen-bond planes, the relative displacement is c/4. (c) For Iβ, the displacement is 
+c/4 or –c/4. 
2.1.4 Hydrolysis effects of cellulose 
     To better understand the enzymatic degradation of cellulose, it’s necessary to figure 
out the effects of general physical and chemical characteristics of cellulose on the rate 
and effectiveness of enzymatic hydrolysis. Extensive studies were conducted around this 
area. Regardless of the source and purification assay for cellulose, several substrate 
features, for example, the degree of polymerization, crystallinity, accessible surface area, 
particle size, and lignin distribution have been proposed to play a critical role in 
regulating the rates of hydrolysis. 
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2.1.4.1 Degree of polymerization (DP) 
    The degree of polymerization is the number of glucopyranose per cellulose chain. A 
vast array of studies has discussed the change in DP of soluble and insoluble cellulose 
after hydrolysis. However, only a limited number have examined the effects of insoluble 
cellulose DP on the catalytic efficiency of cellulase. It was found that higher DP could 
cause higher synergy between CBHI and EGI [21]. Puls and Wood demonstrated a 
reduction in the DP of wood α-cellulose during a 7-days hydrolysis [22]. Sinistyn et al. 
utilized pure cellulose with reduced DP by γ-irradiation while keeping crystallinity index 
unchanged and found that DP had a little influence on the efficiency of enzymatic 
hydrolysis [23]. For soluble cellulose, it was observed that the initial velocity of cello-
oligosaccharide degraded by CBHI and EGI increased with DP. Additionally, β-
glucosidase’s activity decreased as DP reduced [2]. So far, the knowledge about the 
function of DP on enzymatic hydrolysis is still limited. It is still unclear whether DP of 
cellulose is a contributing limiting factor, or whether it’s correlated with other factors, 
like crystallinity or accessible area, to ultimately give rise to slower rates of hydrolysis. 
2.1.4.2 Crystallinity 
    Purified cellulose is micrometer-sized particles contain a bunch of microfibrils. The 
microfibrils are believed to have both amorphous regions and crystalline regions. 
Generally, amorphous regions can be rapidly hydrolyzed to cello-oligosaccharides and 
glucose while the degradation of crystalline regions is much slower. Therefore, 
crystallinity is one of the most important characteristics of cellulose. But the specific 
effect of crystallinity on enzymatic hydrolysis is still controversial. In some studies, it 
was found that rates decreased with the increasing crystallinity of cellulose [23],  because 
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crystallinity should increase with hydrolysis owing to the removal of the amorphous 
region, which is more available for hydrolysis [24]. From Hall’s experiment, the initial 
enzymatic rate continued to increase with decreasing crystallinity even though the bound 
enzyme concentration was at constant. This finding revealed the determinant role of 
crystallinity rather than adsorption of enzyme on hydrolysis rate [25]. However, the 
opposite results was concluded by others. Rosnah et al. utilized cellulose with different 
crystallinity to discuss the effect of crystallinity on enzymatic hydrolysis, and found 
cellulase activity decreased with increased crystallinity [26]. Meanwhile, in some 
researches, the crystallinity was considered to have little influence on hydrolysis. In 
Vinod’s result, it was observed that the percentage of crystallinity was not altered after 
the alkaline explosion, carbon dioxide explosion, ozone and sodium chlorite treatment of 
materials, but a great increase of glucose yield was observed [27].  In Mansfeild’s paper, 
it was demonstrated that cellulose accessibility and the available surface area are more 
influential than crystallinity in determining the rate and extent of enzymatic hydrolysis 
[28]. The effect of cellulose crystallinity sometimes depended on enzyme loading. No 
obvious correlation was found between crystallinity with the performance of hydrolysis 
at low enzyme loading, while the yield of reducing sugar was linearly proportional to 
crystallinity at high enzyme loading [29].  
    The effect of cellulose crystallinity on enzyme adsorption was investigated in many 
studies. Enzyme adsorption, which is correlated with hydrolysis rate and yield, is one of 
the essential steps within hydrolysis process. In many results, the enzyme adsorption 
weakened with increased cellulose crystallinity. Ooshima et al. built a kinetic model of 
the adsorption of cellulase from Trichoderma viride on pure cellulose and the effects of 
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cellulose crystallinity on Langmuir adsorption parameters were evaluated. Increased rates 
of hydrolysis were related to the higher binding capacity on amorphous cellulose [30].  
The crystallinity impacted the adsorption of CBHI in Joeh’s study, resulting in decreasing 
extent of hydrolysis [31]. Besides, different cellulase components have different 
adsorption capacity and activity of cellulose [32]. Eiichi et al. [33] studied the action of 
two highly purified cellulases of exo- and endotypes with various crystalline celluloses. 
Exocellulase has a higher efficiency of hydrolysis than endocellulase and both enzymes’ 
activities similarly increased with decreased crystallinity of cellulose. Moreover, it was 
observed that cellulose crystallinity can increase the adsorption of nonhydrolytic enzyme 
components [34].  This evidence further shows the key role crystallinity plays in the 
effective enzymatic hydrolysis of cellulose. 
    Cellulose crystallinity can affect not only enzyme adsorption but also the effectiveness 
of adsorbed cellulase components. Hoshino’s study [35] demonstrated that cellulose 
crystallinity influences the synergism between cellulase components. The synergism 
between CBHI and EGII was found to be enhanced with higher crystallinity. Besides, the 
effect of crystallinity on the saccharification activities of endocellulase is much higher 
than exocellulase; the activities increased obviously with decreasing crystallinity [35]. 
Furthermore, the effect of surfactant used in improving enzymatic hydrolysis is also 
affected by the crystallinity of cellulose [36].  
2.1.4.3 Accessible surface area 
    Depending on the fact that enzymatic hydrolysis of cellulose is a surface reaction, the 
accessible surface area is one of the most influential structural characteristics. The 
accessible surface area plays a key role in enzyme adsorption and the subsequent bond 
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dissociation. Due to the structure of cellulose microfibrils, which is imbedded in a matrix 
of lignin and hemicelluloses, cellulose accessibility to cellulase is restricted. There are 
two levels of limitation on the accessibility of cellulose: the surface of crystalline 
cellulose available to bind cellulase and the anatomical structure of plant cell wall. The 
anatomical structure can influences the accessibility of cellulose since the pores in the 
plant wall allows the entrance of cellulase into the plant tissue to accessing the surface of 
microfibrils. One of the impacts of pretreatment is to enlarge the pore sizes to enhance 
the accessibility of cellulose to cellulase [2].  
    Multiple methods have been applied to measure accessible surface area. For example, 
the BET method (Bennet-Emmett-Teller) measures the surface area available to a 
nitrogen molecule. The problem with this technique is that the difference in size between 
nitrogen and enzyme since nitrogen is much a smaller molecule; the area accessible for 
nitrogen may not work for the enzyme. Therefore, the results from studies using BET 
method were incapable to support the theory that accessible surface area is significant for 
hydrolysis. A more suitable technique called solute exclusion technique was applied to 
measure lignocellulosic substrates. Solute exclusion technique determines the area 
available in the form of pores and cavities in the fiber wall, which is representative of the 
actual accessible area [28]. With this method, it was found that the relative digestibility of 
cellulosic substrate was proportional to the accessible area. However, some bacterial 
cellulase hydrolyzes cellulose at a higher rate compared to fungal cellulases, such as 
cellulosome, a multienzyme complex with a size about 100 times larger than fungal 
cellulases. In this case, the influences from pores seem to be less significant [37]. 
Moreover, it was reported that cellulase component did not enter into pores and no 
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relation found between pore volume and digestibility. But on the other hand, some 
studies on the effect of crystallinity and DP on enzymatic digestibility showed that the 
prediction of susceptibility of pretreated substrates to enzymatic hydrolysis based on the 
difference of crystallinity and DP did not work well, probably because of the 
complication of cellulose structure. No matter what, the accessible surface area is still a 
valuable perspective to see the influence of structural features on enzymatic hydrolysis 
[2].  
2.1.4.4 Effect of lignin and hemicellulose on enzymatic hydrolysis 
    Besides cellulose, hemicelluloses and lignin are the major components of the plant cell 
walls. Both lignin and hemicellulose provide barriers to prevent the attack from enzymes. 
The removal of lignin and hemicellulose lead to extensive changes in the structure and 
improve the accessibility of cellulose in enzymatic hydrolysis. In Mussatto’s research 
[38], brewer’s spent grain in three different forms: original, pretreated by dilute acid and 
pretreated by a sequence of dilute acid and alkali, was applied to prove the effect of 
hemicellulose and lignin on enzymatic hydrolysis. It was observed that the lower 
hemicellulose and lignin contents result in higher efficiency of hydrolysis.  
    Qing et al. [39] reported that xylan, xylose, and xylooligomers can dramatically 
decrease conversion rate and the inhibition effect caused by xylooligomers is even 
stronger than glucose and cellobiose. Qing’s study proves the necessity of hemicellulose 
removal before hydrolysis. The other paper also reached similar conclusions. Varnai et al. 
[40] utilized steam-pretreated spruce as material to investigate the restriction produced by 
lignin and hemicellulose. The result revealed that lignin is the main limiting factor on 
hydrolysis. Removal of lignin doubled the hydrolysis yield and achieved almost 100% 
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within 2 days, and the presence of xylan appears to limit the hydrolysability. But, conflict 
conclusion has been reached on the effect of hemicellulose. From Jin et al.’s research 
[41], rice straw was classified based on morphological features and the enzymatic 
hydrolysis of these divisions was studied. The research showed hemicellulose contents 
have a positive impact on enzymatic hydrolysis.  
    Lignin influences the accessibility of cellulose in many aspects more than just act as a 
barrier. For instance, the removal of lignin can increase the porosity of kraft and sulfite 
pulp [42]. Lignin is also observed to be irreversibly adsorbed on cellulase, preventing the 
enzyme attacks [43]. Thus removal of lignin not just opens more space for enzymes but 
also reduces the inhibition effects. Yu et al. [44] studied on the lignin isolated from 
untreated woods and pretreated wood pulps to see its inhibition on enzymatic hydrolysis. 
Lignin from pretreated woods adsorbs cellulase two to six times more than untreated one 
and higher adsorption of lignin resulted in lower conversion rate. Besides, the 
condensation of lignin was correlated to cellulase adsorption (9-70%).  Lignin isolated by 
different techniques could have various degrees of inhibitory effects on enzymatic 
hydrolysis. By using various lignins isolated from 3 different pretreatments and two 
common commercially available lignins, Kim evaluated the inhibitory effects of these 
lignins on enzymatic hydrolysis [45]. The results indicated that enzyme action was 
generally inhibited by addition of lignin, and the sequences of lignins from most to least 
inhibitory were: alkali, ARP (ammonia recycle percolation)-soluble, water soluble, acid-
soluble, ARP-insoluble and organo-solv lignins. Meanwhile, Pan [46] found that phenolic 
hydroxyl groups were crucial to lignin’s effect on enzymatic hydrolysis. At 10mM 
concentration, phenolic compounds presented 1-5% more inhibition than nonphenolic 
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compounds. Similar result was concluded from Yang’s [47] paper with isolated organsolv 
lignins from hardwood poplar and softwood lodge pole pine. By blocking free phenolic 
hydroxyl group by hydroxypropylation, the inhibition of lignin was significantly reduced 
(65-91%). Besides, the hydrophobicity was also considered as a key factor of lignin’s 
inhibition on enzymatic hydrolysis.  
2.2 Cellulase 
2.2.1 Celluase enzyme systems 
    Cellulase is a complex of enzymes that can synergistically hydrolyze cellulose into 
monosaccharide (glucose) and disaccharide (cellobiose), which is mostly produced from 
bacteria and fungi. Based on protein’s structure, it can be further divided into 
multienzyme complex (cellulosome) systems and noncomplex cellulase system. For some 
microorganisms, like cellulytic filamentous fungi, it can penetrate cellulosic substrates by 
hyphal extension and present cellulase system in cavities within cellulosic particles [48]. 
The free cellulase produced here, is not in a stable high-molecular-weight complex form 
and is called noncomplex systems. On the opposite, some anaerobic microorganisms are 
not capable of penetrating cellulosic materials; this leads to the development of complex 
cellulase system. The cellulosomes (Fig. 5) are protuberances produced on the cell wall 
of cellulolytic bacteria growing on cellulosic materials. The complex cellulase system 
binds with the bacterial wall in a stable high molecular weight form and further attach on 
cellulose surface to initialize the hydrolysis [9].  
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Figure 5: Cellulosome structure [49]. 
 
    In this project, the characteristics and interactions of cellulose of noncomplex cellulase 
system will be reviewed in more details instead of complex systems. Cellulase system 
components can be classified into 3 types based on function properties: endoglucanases, 
cellubiohydrolase, and β-glucosidase. 
    Endoglucanases can randomly attack the internal amorphous site on cellulose to 
generate oligosaccharides with different length and new reducing and non-reducing end, 
which are susceptible to the action of cellobiohydrolases. Endoglucanases are monomeric 
enzyme with a molecular weight from 22 to 45kDa and the optimum temperature is from 
50-70°C [50].  
    Cellobiohydrolase hydrolyzes cellulose processively from reducing end or non-
reducing end of cellulose chain to liberate cellobiose. Among cellulases, it comprises 
about 40%-70% of the entire cellulase system and it has the highest apparent activity on 
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crystalline cellulose [51]. Cellobiohydrolases are monomeric enzyme with a molecular 
weight range from 50 to 65 kDa and optimum temperature is from 37-60 °C depending 
on reaction environment [52].  
    β-glucosidase hydrolyzes soluble cellobiose into glucose. β-glucosidase can exist as 
monomeric or homo-oligomer form with the molecular weight from 35-640kDa. The 
optimum temperature of β-glucosidase is from 45-75°C. These three components work 
synergistically to complete the degradation of cellulose [49]. (Fig. 6) Extensive studies 
have been focused on the microorganisms, which can produce noncomplex cellulase 
system. Trichoderma and Aspergillus strains are most investigated and applied in 
production. Usually, T.reesei produced at least two types of cellobiohydrolases (CBHI 
and CBHII), five to six endoglucanases (EGI, EGII, EGIII, EGIV, EGV and EGVI), two 
β-glucosidase (BGLI and BGLII), two xylanases and numerous accessory hemicellulases 
[2].  
 
 
Figure 6: Schematic of endoglucanase and cellubiohydrolase working together to degrade 
cellulose [53].  
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2.2.2 Synergistic effect 
    Enzymatic hydrolysis of cellulose is influenced both by cellulosic substrate and 
enzymes. One of the most vital characteristics of cellulase is synergism. The synergism is 
the phenomenon that cellulase systems activities exhibit higher activity than the sum of 
activities of individual cellulase components. There are 7 types of synergism were 
reported: (1) endoglucanase and exoglucanase; (2) exoglucanase and exoglucanase; (3) 
endoglucanase and endoglucanase; (4) exoglucanase or endoglucanase and β-glucosidase; 
(5) intra-molecular synergism between catalytic domain and CBM; (6) cellulose-enzyme-
microbe synergism; (7) a proximity synergism due to formation of cellulases complexes 
[6]. The synergism between cellulase systems components is influenced by several 
factors: the nature of substrate, enzyme composition and concentration, cellulase affinity 
on substrate, and enzyme to substrate ratio [2]. Synergism between endoglucanase and 
exoglucanase is the most studied type and is significant for hydrolysis of crystalline 
cellulose. Mishra et al. found the cellobiohydrolase had little capacity when used 
independently for solubilizing Avicel or Walseth cellulose, but showed higher rates when 
combined with endoglucanase [54]. It was also observed that the synergism between 
CBHI and EGI or EGII is depended on the structural and ultrastructural characteristics of 
the cellulose substrates. It was reported that weak or no synergism was recorded, with 
cellulose microcrystals or the soluble carboxymethyl cellulose [55]. The role of cellulase 
concentration in synergism effect was researched by Woodward et al. Various 
concentrations of purified cellulase components: EGII, CBHI, and CBHII, were applied 
alone or combined with each other, while β-glucosidase was excess. The degree of 
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synergism increased with decreased cellulase concentrations and reached an optimum at 
20mg/ml [56].  
2.2.3 Mechanism of cellulase 
The understanding of cellulose biodegradation mechanisms needs to be started with the 
cellulase structure. Cellulase comprises a complex molecular architecture of structurally 
and functionally discrete units called domains: a catalytic domain (CD), one or more 
cellulose binding domains (CBD), and an unstructured linker sequence connect these two 
domains [53]. (Fig. 7) The catalytic domain is the most important part of cellulase, which 
is responsible for the cleavage of the glycosidic bond. The active sites of different 
cellulose system components are shown to have different three-dimensional arrangements. 
It is in tunnel shape for processive exo-glucanase degradation and in a cleft shape for 
endo-glucanase degradation. Besides, the form of the active site is related to the 
enzymatic degradation mechanism. For cellulose binding domain, it facilitates hydrolysis 
by binding the enzyme to the cellulose to keep catalytic domain closer to the substrate 
and provide enough time for catalytic domain to move the cellulose chain into active site. 
The linker peptide between catalytic domain and cellulose binding domain is a sequence 
of amino acids, which acts as a flexible joint to allow the independent function of each 
domain. The sequence of linker was found to vary within different enzymes but it is 
generally rich in proline, threonine and serine [49].  
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Figure 7: The structure of cellobiohydrolase I (CBH I) bound to cellulose [57].  
 
    Once the cellulase recognized a free cellulose chain, it threads the chain into the 
tunnel to form a catalytically active complex (CAC). After that, the hydrolysis reaction 
occurs by retaining or inverting mechanism. (Fig. 8) In the retaining mechanism, the 
distance between the acid catalyst (AH) and the base (B-) is at 5.5Å, which is not enough 
space for a water molecule. So the cleavage starts with the proton donation from AH 
which results in the cleavage of the glycosidic bond and the B- is attached to the C1. In 
the next step, a water molecule approaches which donates a proton to the acid catalyst 
while replaces the base with a hydroxyl group. The retaining mechanism retains the β 
structure in its product. On the other hand, the inverting mechanism only has one step. 
The distance between the acid catalyst and the base is at 10Å, which allows a water 
molecule to participate in the cleavage [58]. The inverting mechanism produces α-
reducing end in its product. After the hydrolysis in exoglucanase, a cellobiose unit is 
produced while the cellulose chain in the tunnel will be pushed forward by two units to 
start the next cleavage. Cellulose binding domain is also observed in endoglucanase. It is 
	  	   26	  
reported that the cellulose binding domain will not increase the hydrolysis rate, but it 
significantly increases the cellulase concentration on the cellulose chain. 
 
 
Figure 8. The mechanisms of cellulose glycosidic bond cleavage under enzymatic 
catalysis of cellulase. (a) The retaining mechanism involves two steps and results in β 
reducing end. (b) The inverting mechanism only has one step and results in α reducing 
end [58]. 
	  	   27	  
2.3. Cellulose enzymatic hydrolysis conditions 
2.3.1. Temperature 
   The temperature plays an important role in enzymatic hydrolysis. It can affect cellulase 
activity, stability, and the binding. The optimal temperature of the cellulase in Nectria 
catalinensis ranged from 50 to 55 degrees C [59]. The optimal temperature of cellulase 
from Trichoderma reesei, Penicillium was found at 50°C-55°C [60]. For the cellulase 
from Penicilium funiculosum, the relative rates of adsorption and saccharification 
increase with increasing temperature when it’s lower than 60°C. At 60°C cellulase 
adsorption increased but enzyme activity decreased [61]. The desorption rate was favored 
by low temperature (4°C -37°C ) [62]. With different sources of substrate and 
cellulase, the temperature applied in the experiment is different. From literature, the 
temperature condition usually ranged from 45°C -60°C. In Kadam’s research [63], a 
kinetic model was developed for closed system enzymatic hydrolysis of lignocellulosic 
biomass. The experiment was performed at 45°C. Ganesh investigated cellulase 
deactivation in a stirred reactor with various conditions, while the temperature was set at 
50°C [64]. In Zhang’s study [65], the optimum temperature for a commercially 
available solid cellulase working on germinated brown rice was 49.5°C. 
2.3.2. PH 
    The pH is a key factor for the rate and the yield of enzymatic hydrolysis of cellulose. 
For the cellulase from Trichoderma reesei, Penicillium, the optimal pH is typically from 
4.5 to 5.0 [60][64]. For the cellulase from A. cellulolyticus, the optimal pH is 5.2-5.6 [66]. 
The pH also affects the adsorption of cellulase on cellulose. In Du’s study, the adsorption 
	  	   28	  
and desorption behaviors were examined at different pH values. It was found that acidic 
favor adsorption, whereas neutral and alkaline pH favored desorption [62]. With the 
different objectives of study, different pH conditions were used. To investigate the rate of 
cellulase adsorption and desorption on cellulose, pH 4.5 was applied in enzymatic 
hydrolysis with the cellulase from Penicilium funiculosum [61]. From Jiang’s paper [65], 
pH 4.8 was used to do enzymatic hydrolysis to compare enzymatic saccharification with 
fast pyrolysis. The same condition was utilized in Zhou’s study [67] and it was found that 
the improvement by surfactant was limited under optimal hydrolysis condition. The 
research using microreactor based mixing strategy to suppress the product inhibition to 
enhance sugar yield, the experiment was carried out at pH 5.0 [68]. The elevated pH has 
a positive effect on simultaneous saccharification and fermentation (SSF) because it 
could be closer to optimal pH of hydrolysis and fermentation [69]. The difference of 
optimal pH condition between hydrolysis and fermentation is a barrier for higher yield in 
SSF process. The midpoint has been applied. For example, SSF processes are operated 
around pH 6, which is the midpoint of optimal pH of hydrolysis (pH 5) and fermentation 
(7) [70]. 
2.3.3. Enzyme loading 
    The enzyme loading is also an important effector of enzymatic hydrolysis. Increased 
enzyme loading always has the positive influence on the yield of enzymatic hydrolysis of 
cellulose. For example, Lan et al. [71] used two commercial enzymes to do enzymatic 
hydrolysis with wood chips and the enzyme loading varied between 7.5 and 15 FPU/g 
substrate. From the result, the glucose yield increased with enzyme loading. Martin [72] 
used the steam pretreated sugarcane bagasse to do the enzymatic hydrolysis with five 
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enzyme loadings (2.5-20FPU/g cellulose). It was found that glucose yield increased with 
enzyme loading and enzyme loadings higher than 15FPU/g did not result in any increase 
in initial rate. The enzyme loading also can affect the inhibition of lignin on enzymatic 
hydrolysis of cellulose. In Zhang’s study [73], two different enzyme loading 10FPU/g 
and 20FPU/g were applied. It was observed that with higher enzyme loading, the 
inhibition of lignin was reduced.  
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3.1 Raw material 
    Paulownia elongata wood pulp after hot water extraction and soda pulping was 
utilized as raw material. For soda pulping, it was carried out at 160°C with 20% sodium 
hydroxide for 2 hours. More details of pretreatment can be seen in Yan et al. [74]. 
Particle size of pulps is 30 meshes after grounding by using Wiley mill. The enzyme 
NS51099 was supplied by Novozymes and the activity was measured as 18.5 FPU (Filter 
Paper Unit)/ml following the protocol proposed by National Renewable Energy 
Laboratory [75]. The value of 2.0 mg of reducing sugar as glucose from 50mg of the 
filter paper (4% conversion) in 60 minutes has been designated as the intercept to 
calculate the cellulase filter paper unit. All wood pulps were checked for its freshness and 
all chemicals included in the experiment are under analytical or reagent grade, purchased 
from Fisher Scientific Inc. 
3.2 Analysis of wood pulp’s composition 
    The method for determination of carbohydrates in wood pulp followed the procedure 
proposed by Ruiz et al. [76]. 0.3g wood pulp was first put in a test tube to mix with 3ml 
of 72% wt sulfuric acid at 30°C for 2 hours. Meanwhile, stir the test tube every 15 
minutes to assure complete mixing and wetting. After that, the mixture of wood pulp and 
hydrolyzate was transferred into serum bottle and dilute to a 4% acid concentration by 
adding 84ml of deionized water. Next, the bottle was autoclaved for 1 hour at 121°C. The 
total volume of solution is 87ml. After completion of the autoclave, part of solutions was 
transferred into Erlenmeyer flasks to neutralize with calcium carbonate to a pH between 5 
to 6.  The neutralized hydrolyzate was then filtered to separate the solution from wood 
pulp residue. 500µL of the solution was used for proton NMR analysis to measure the 
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sugar concentration. The sugar recovery standards (SRS), which have the same weight 
(0.3g) of high purity sugar as wood pulp, were taken through the identical steps in 
parallel with wood pulp samples. The calculated recovery of SRSs was used to correct for 
losses caused by the destruction of sugars during the hydrolysis. All samples were run in 
duplicate. The percentage of sugar recovered from each SRS through two-stage 
hydrolysis can be calculated by Eqn. (1). 
 
                                 %𝑅!"! = !!!! ∗ 100%                                            (1) 
 
Where: %Rsrs= % recovery of sugar recovery standard 
            C1= known concentration of sugar recovery standard before hydrolysis, in mg/ml 
            C2= concentration of sugar recovery standard after hydrolysis, in mg/ml 
 
Use the %Rsrs to correct glucose concentration values measured in wood pulps sample by 
Eqn. (2). 
                                  𝐶!"## = !!"#  %!!"!                                                      (2) 
 
Where: Ccorr= corrected concentration of sugar in wood pulps sample, in mg/ml 
             Cspl= concentration of sugar detected in wood pulps sample, in mg/ml 
             %Rsrs= % recovery of sugar recovery standard 
 
The percentage of sugar contents in wood pulps can be derived by Eqn. (3). 
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                     %𝑆𝑢𝑔𝑎𝑟 = !!"##∗ !!!"""!"∗!! ∗ 100%                                  (3) 
 
Where: W= weight of wood pulp, in grams 
             V= volume of solution, 87ml 
             Ccorr= corrected concentration of sugar in wood pulps sample, in mg/ml 
3.3 Enzymatic hydrolysis 
    The hydrolysis was carried out in hydrolysis flasks placed in a shaking incubator for at 
least 72 hours at 150 rpm. Wood pulps were loaded in the concentration of 10g/l using 
sodium citrate buffer. The hydrolysis temperature was varied from 40°C to 60°C to see 
the effects of temperature on hydrolysis. The impact of pH was also investigated from 4.6 
to 5.4 for optimization. About 2ml samples were withdrawn into centrifuge tube at 
different time intervals. The centrifuge tube was tightly sealed and immediately put in 
boiling water for 5 minutes to denature the enzyme. Afterward, samples were centrifuged 
to separate the hydrolyzate solutions from insoluble substrates. After centrifugation, the 
supernatant was filtered through a 0.45µm filter to further remove insoluble substrates. 
Filtrates were frozen prior to analysis. 
    In kinetics study, same protocols were followed except controlling the experiment at 
50°C and pH=4.8. Longer reaction time and more frequent sampling were applied to 
acquire more data points for model regression. 
3.4 NMR analysis of hydrolysis product 
    NMR (Nuclear Magnetic Resonance) method is applied to measure the concentration 
of glucose and cellobiose in hydrolysis products. This method has been described earlier 
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by Yan et al. [77] All samples were put in 5mm NMR tubes. The NMR sample was 
prepared by taking 500 µl supernatant and adding 100 µl standard solution, along with 
400 µl of D2O, which resulted in a 1ml total volume. D2O was added in to reduce residual 
water peak in the NMR spectrum. The standard solution contains D2O, 3-(trimethylsilys) 
propionic-2,2,3,3,-d4 acid (TSP), and glucosamine. Glucosamine plays a role as 
calibration standard with the concentration of 0.2547mol/L, while TSP served as a 
chemical shift reference (H: 0.0 ppm). 
    All spectra were performed at 30°C with a Bruker AVANCE III 600 spectrometer 
equipped with a 5mm triple resonance z-gradient probe. All HSQC were recorded with 
standard pulse sequences (hsqcetgpsp) using Echo/Antiecho-TPPI gradient selection, and 
shaped pulse for the uniform inversion of the f2 channel (13C). The recycle delay was 
2.0s and the acquisition time was 0.125s. Spectral widths of 8270 Hz and 2414 Hz and 
2094×200 data points were derived for 1H and 13C spectra respectively. The total 
experimental time was about 1 hour and 8 transients were acquired. Data were collected 
in TOP-SPIN v3.2 from Bruker BioSpin. A coupling constant 1JC-H of 165 Hz was used 
as the expected value or JCH for the anomericC1-H1 coupling constant. The 2D data set 
was processed with 1 K × 1 K data points by Qsine function in both directions. For 1D 
1H spectra, the recycle delay was 10.0s and the acquisition time was 1.7s. The 
experiment time of 1H was about 7 minutes and spectral widths were 9615 Hz with 32K 
data points. Data were then processed by MestReNova version 6.0.3-6224 from 
Mestrelab Research S.L. 
    In this project, proton NMR was used to characterize and quantify the products after 
hydrolysis while HSQC was for analyzing components in the product. Since a group’s 
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resonance in proton NMR is proportional to the proton concentration in this group, the 
concentration of products can be calculated depending on known and settled 
concentration of internal standard, which is glucosamine, in this case. The signal of 
alpha-anomeric (C1H1) was measured in this study, and the alpha-anomeric (C1H1) peak 
of glucosamine was set to 1 while response factors for alpha-anomeric (C1H1) for 
standards were calculated. Since NMR signal was proportional to the anomeric proton, 
the relationship between the response factor and concentration of standard sugar solution 
can be expected to follow: 
 
                                     𝐶 = 𝐴! ∗ 𝑘                                             (4) 
 
Where: C= mass concentration of sugar standard (g/l) 
            As= response factors of sugar standard (dimensionless) 
             k= corresponding resonance constant (l/g)  
 
For quantification of glucose and cellobiose, pure sugar solutions with different 
concentrations were prepared in the same manner of sample preparation to figure out the 
value of k for each sugar standards. 
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Chapter 4 
Results and Discussion 
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4.1 Wood pulp composition 
    Sugar determination was performed based on the protocol proposed by Ruiz et al. 
After a two stages acid hydrolysis, HSQC analysis was followed to characterize the 
compositions of wood pulp while proton NMR was used to quantify the concentration of 
sugars in wood pulp and sugar recovery standards. Figure 9 is the HSQC result of wood 
pulp samples after two stages hydrolysis. The α-C1H1 signal of internal standard, 
glucosamine, was shown at 89.38/5.45ppm while its β-C1H1 was shown at 
93.22/4.92ppm. The α-C1H1 signal of glucose was found at 92.16/5.24ppm while β-
C1H1 was at 95.97/4.66ppm. From the HSQC result, one can conclude that the major 
component unit of wood pulp is glucose. Proton NMR was also applied to quantify the 
glucose concentration of wood pulp and sugar recovery standards; the result is shown in  
Table 1. 
 
Table 1: Sugar determination of wood pulp, where C1 is known concentration of sugar 
recovery standard before hydrolysis (mg/ml), C2 is concentration of sugar recovery 
standard after hydrolysis (mg/ml), %Rsrs is percentage of recovery of sugar recovery 
standard, Cspl is concentration of sugar detected in wood pulps sample (mg/ml), Ccorr is 
corrected concentration of sugar in wood pulps sample (mg/ml) and W is weight of wood 
pulp (g). %Rsrs= % recovery of sugar recovery standard 
Group C1 C2 %Rsrs Cspl Ccorr W % Sugar 
1 3.513 3.1857 90.7% 2.669 2.94 0.3027 84.6 
2 3.489 3.0135 86.4% 2.583 2.99 0.3017 86.2% 
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Figure 9: The HSQC spectrum used to determine the sugar determination of wood pulp. 
 
It was demonstrated that the sugar content of wood pulp is 85.4% and major component 
is cellulose. The reason of wood pulp comprises a large amount of cellulose is the 
pretreatment of hot water extraction removed hemicellulose and soda pulping did 
delignification. The high proportion of cellulose in wood pulp makes it a great material 
for enzymatic hydrolysis. 
4.2 NMR characterization and quantification of hydrolysis products 
4.2.1 NMR characterization of hydrolysis products 
    To analyze the components of hydrolysis products, both HSQC and proton NMR were 
employed in this study. A standard solution with cellobiose and glucose was analyzed by 
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HSQC to locate the signal position of cellobiose in spectra. Figure 8 is the HSQC spectra 
of the standard solution with cellobiose and glucose. From the figure, the signals of 
cellobiose and glucose are close to each other but still can be distinguished in HSQC 
spectra. The β-C1H1 signal of cellobiose was shown at 95.95/4.67ppm. But for α -C1H1 
signal of cellobiose, the overlap was found between hydrogen signal of cellobiose and 
glucose. Therefore, the β-C1H1 signal of cellobiose was chosen to measure the 
concentration of cellobiose in this work. The chemical shifts in the anomeric region of 
each component presented in Figure 10 was shown in Table 2. 
 
 
Figure 10. The HSQC spectrum of standard solution contains cellobiose and glucose. 
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Table 2: HSQC chemical shifts of components in standard solution. 
Peak Chemical shifts in (ppm) 
H-1 C-1 
α- Glucosamine 5.45 89.38 
β- Glucosamine 4.94 92.98 
α- Glucose 5.24 92.3 
β- Glucose 4.65 96.11 
α- Cellubiose 5.24 92.03 
β- Cellubiose 4.67 95.95 
 
    The proton NMR spectrum of hydrolysis products is also given in Figure 11, which is 
the hydrolysate after 54 hours of hydrolysis. In Figure 11, the α-C1H1 signal of 
glucosamine was shown at 5.45-5.46ppm while the signal of α- glucose was at 5.23ppm. 
Signals at 4.67-4.68 were assigned to β- cellobiose and 4.63-4.65 was from β- glucose. 
One can see that after 54 hours, the concentration of cellobiose was extremely low. 
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(a) 
(b) 
Figure11: 1H NMR spectra of wood pulp after 54 hours of enzymatic hydrolysis. (a) the 
signal of α-glucosamine and α-glucose; (b) signal of β-cellobiose and β-glucose. 
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4.2.2 Sugar quantification of hydrolysis products by 1H NMR 
    1H NMR was utilized to quantify glucose and cellobiose in the hydrolysate. As a 
group’s resonance in proton NMR is proportional to the amount of hydrogen atom in that 
group. The concentration of chemicals can be calculated by comparing their signals with 
internal standard. In this study, glucosamine was employed as internal standard, and its 
signal of alpha-anomeric (C1H1) was measured. So the relationship between the 
concentration of glucosamine and its resonance integral area should follow: 
 
                                 𝐶! = 𝑥 ∗ 𝐴!                                       (5) 
Where Cg= mass concentration of glucosamine (g/l) 
            Ag= resonance integral area of glucosamine in 1H NMR 
             x= linear coefficient between Cg and Ag (l/g) 
 
The same equation can be applied to chemicals need to be measured: 
                                 𝐶! = 𝑦 ∗ 𝐴!                                        (6) 
 Where Cc= mass concentration of chemical (g/l) 
            Ac= resonance integral area of the chemical in 1H NMR 
             y= linear coefficient between Cc and Ac(l/g) 
 
Combine Eqn. (5) and Eqn. (6), a linear relation can be derived between the mass 
concentration of chemical and its resonance area: 
                                  𝐶! = !!!!!!!!                                         (7) 
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While the alpha-anomeric (C1H1) peak of glucosamine was set to 1, relative alpha-
anomeric (C1H1) integral area for the chemical was calculated from MestReNova, and 
concentration of glucosamine was constant within the sample. The Eqn. (7) can be further 
simplified: 
                                                         𝐶! = 𝑧𝐴!                                            (8) 
 
Where z=combination of all constants in Eqn. (7). 
 
Standard solutions with a known concentration of glucose and cellobiose were prepared 
to find the value of constant z. It was found that the z for glucose is 8.61 while z for 
cellobiose is 33.85. With a knowing value of z, the concentrations of glucose and 
cellobiose in hydrolysis products can be quantified by 1H NMR. 
4.3 Enzymatic hydrolysis 
    After sugar determination of wood pulp, it was shown that the raw material contains 
85.4% of glucose unit. In other words, most of wood pulp is cellulose. The pH and 
temperature are the significant factors for the rate and yield of enzymatic hydrolysis. In 
the previous study, most of them proposed the operating temperature were around 50°C 
and pH was found between 4.4-5.0. [78,79]. Meanwhile, there was some other research 
presented a wider range of optimum pH from 5.2-5.6 [80]. With the different source of 
material and pretreatment method, the optimum pH and temperature could change. While 
pH and temperature play a key role in cellulase adsorption and activity, the effect of pH 
and temperature were investigated in this project. The hydrolysis temperature was 
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controlled at 40°C, 45°C, 50°C, 55°C and 60°C, while pH was set at 4.6, 4.8, 5.0, 5.2, 
5.4. Besides, the influence caused by enzyme loading was also studied in this work. 
4.3.1 pH effect on enzymatic hydrolysis 
    To investigate the effect of pH, enzymatic hydrolysis was carried out in hydrolysis 
flasks placed in a shaking incubator for 96 hours at 150 rpm and 50°C. Wood pulps were 
loaded in the concentration of 10g/l using different sodium citrate buffer at pH 4.6, 4.8, 
5.0, 5.2 and 5.4. Enzyme concentration was 18.5FPU/g and about 2ml samples were 
withdrawn at different intervals. The concentration of glucose and cellobiose were 
recorded during the process of hydrolysis. For all five pH, enzymatic hydrolysis didn’t 
reach equilibrium within 96 hours. At pH 4.6, glucose concentration reached 6.54g/l at 
end of hydrolysis while cellobiose had relatively stable and low concentration around 
1.75g/l. The yield of total sugar was 36.3 wt%. (Fig. 13) At pH 4.8, the relatively high 
yield of glucose and cellobiose was achieved at 60h and 96 independently. (Fig. 14) The 
yield of total sugar was found to be 55.2% and was maximum one compare to other pH 
condition. (Table 3) For pH 5.0, the relatively high glucose concentration was observed at 
84h and cellobiose’s was found to almost keep a constant during hydrolysis. The total 
sugar field was 39.3 wt%. (Fig. 15) At pH 5.2, total sugar field only had 36.4 wt%, which 
is the lowest yield among all pH. Glucose achieved maximum at 96h and cellobiose 
reached a relatively high value at 24h. (Fig. 16) For pH 5.4, the relatively high 
concentration of glucose and cellobiose were both at 84h, while total sugar yield was 39.3 
wt%. (Fig. 17) All calculations were based on the result of composition analysis of wood 
pulp. 
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    Unlike glucose, the concentration of cellobiose was relatively low. The high proportion 
of β-glucosidase in cellulase complex may be the case. The rate of production of 
cellobiose is much higher than consumption rate, which causes a low concentration of 
cellobiose existed in the hydrolysate. The highest total sugar yield was 55.2 wt% at pH 
4.8, but it’s still not ideal. The reason could be the high concentration of glucose in the 
hydrolasate and existence of cellobiose. Since glucose and cellobiose have strong 
inhibition effect on β-glucosidase and cellubiohydrolase, the presence of glucose and 
cellobiose would decrease the efficiency of the enzymes. Besides, the crystalline 
structure of cellulose and denature of cellulase also hinder the degradation of cellulose. 
 
 
Table 3: Total sugar yield after 96 hours at different pH. (Total sugar yield is equal to 
sugar produced in hydrolysis over total sugar in substrate.) 
pH 4.6 4.8 5.0 5.2 5.4 
Total Sugar 
Yield (wt%) 
36.3% 55.2% 39.3% 36.4% 39.3% 
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Figure 12. Glucose and cellubiose concentration during enzymatic hydrolysis at pH 4.6 
 
 
	  	   47	  
 
Figure 13. Glucose and cellubiose concentration during enzymatic hydrolysis at pH 4.8 
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Figure 14. Glucose and cellubiose concentration during enzymatic hydrolysis at pH 5.0 
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Figure 15. Glucose and cellubiose concentration during enzymatic hydrolysis at pH 5.2 
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Figure 16. Glucose and cellobiose concentration during enzymatic hydrolysis at pH 5.4 
4.3.2 Temperature effect on enzymatic hydrolysis 
    To study the effect of temperature, enzymatic hydrolysis was performed in hydrolysis 
flasks placed in a shaking incubator for 72 hours at 150 rpm. The substrate was loaded in 
the concentration of 10g/l using pH 4.8 sodium citrate buffer at 40°C, 45°C, 50°C, 55°C 
and 60°C. Enzyme concentration was 18.5FPU/g and about 2ml samples were withdrawn 
at different intervals. For all temperatures, the concentration of glucose and cellobiose 
were recorded during the process of hydrolysis. From Fig. 18, one can see that it reached 
highest yield at 72 hours of hydrolysis at  55°C. 
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Figure 17. Total sugar concentration during enzymatic hydrolysis at different 
temperatures. 
4.3.3 Different enzyme loading of enzymatic hydrolysis 
    The impact of enzyme loading was also investigated. Enzymatic hydrolysis was 
conducted in hydrolysis flasks placed in a shaking incubator for more than 160 hours at 
150 rpm. The substrate was loaded in the concentration of 10g/l using pH 4.8 sodium 
citrate with various enzyme loading: 5.55FPU/g, 11.1FPU/g, and 18.5FPU/g. About 2ml 
samples were taken at different intervals. For all enzyme concentrations, the 
concentration of glucose and cellobiose were recorded during the process of hydrolysis. 
The yield of total sugar was observed to increase with increasing enzyme loading. (Table 
4) For the group of enzyme concentration at 18.5FPU/g, the trend of glucose seems to 
continue growing even after 166h. The relatively high concentration of glucose was 
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7.27g/l at 166h and cellobiose was 2.71g/l at 153h. (Fig. 21) At the enzyme loading of 
11.1FPU/g, extended hydrolysis time was performed to reach equilibrium of glucose. The 
maximum concentration of glucose was 6.72g/l and cellubiose was 2.37g/l. (Fig. 20) 
With enzyme loading of 5.55FPU/g, the hydrolysis reached equilibrium at 214h and the 
highest concentration of glucose was 5.5g/l at 337h. The concentration of cellobiose was 
stable during hydrolysis at around 0.51g/l. (Fig. 19) 
 
 
 
Table 4: Total sugar yield of different enzyme loading at close hydrolysis time. 
Enzyme Loading 5.55FPU/g 11.1FPU/g 18.5FPU/g 
Time 174h 174h 166h 
Total Sugar Yield 
(wt%) 
52.0% 57.5% 62.5% 
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Figure 18. Glucose and cellobiose concentration during enzymatic hydrolysis at 5.55 
FPU/g 
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Figure 19. Glucose and cellobiose concentration during enzymatic hydrolysis at 
11.1FPU/g 
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Figure 20. Glucose and cellobiose concentration during enzymatic hydrolysis at 
18.5FPU/g 
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4.4 Kinetic modeling of enzymatic hydrolysis of cellulose 
    A mechanistic model for enzymatic hydrolysis of cellulose is developed and expressed 
mathematically. As mentioned before, enzymatic hydrolysis of cellulose contains three 
enzymes working synergistically to finish degradation of substrate: (1) E1 
(Endoglucanases) cut randomly at internal amorphous sites in the cellulose 
polysaccharide chain, generating oligosaccharides with various lengths and new chain 
ends. (2) E2 (Exoglucanases) acts on the reducing or non-reducing ends of cellulose 
polysaccharide chains, liberating cellobiose as major products. (3) E3 (β-Glucosidases) 
hydrolyzes soluble cellobiose to glucose. The schematic diagram of cellulases in solid 
phase and the liquid phase is shown in Figure 21. All three enzymes E1, E2, E3 operate 
simultaneously.  
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Figure 21. Outline for three enzymes working in enzymatic hydrolysis. E1 Endoglucanase 
randomly attacks cellulose molecules (DP≥2). E2 cellubiohydrolase acts both on reducing 
end and non-reducing end of cellulose segments (DP≥3). E3 β-Glucosidases hydrolyzes 
cellobiose into glucose. Each hexagon is a glucose unit. Reducing end and non-reducing 
end were labeled in the figure. 
 
     The scheme of enzymatic hydrolysis in the solid phase is represented mathematically 
by following equations: 
Endo-glucanase                             G! + E! ⇋  G!E!     (i>6)                         (9) 
                               G!E! 𝐸! + 𝐺! + 𝐺!      i=j+k                   (10) 
Exo-glucanase                               G! + E! ⇋ G!E!     (i>6)                         (11) 
                                G!E! 𝐸! + 𝐺!!! + 𝐺!                              (12) 
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In the liquid phase, the equations are shown below: 
Endo-glucanase                            G! + E! ⇋ G!E!      (i≤6)                          (13) 
                               G!E! 𝐸! + 𝐺! + 𝐺!      i=j+k                    (14) 
Exo-glucanase                              G! + E! ⇋ G!E!      (i≤6)                          (15) 
                                                  G!E! 𝐸! + 𝐺!!! + 𝐺!                               (16) 
β- glycosidase                               G! + E! ⇋G!E!                                       (17) 
                         G!E! 𝐺𝐸!𝐺 ⇋ 𝐺 + 𝐸!𝐺 ⇋ 2G+ 𝐸!               (18) 
 
Where (GiE1), (GiE2), (G2E3) are the enzyme-substrate complexes; Gi, Gj, Gk are 
celluloses with the degree of polymerizations equal to i, j and k independently. G2 is 
cellobiose and G is glucose. 
    With the hydrolysis mechanism given by Eqn. (9) to (18), the reaction rate expression 
of any given component can be developed. However, the reaction rate equation could 
potentially contain a large number of kinetic parameters. To simplify the model, the 
following assumptions are made: 
1. The breakage of glycosidic bonds has an equal specific rate in both solid and 
liquid phase; 
2. The affinities of glycosidic bonds to the same enzyme are the same both in solid 
phase and liquid phase; 
3. Cellulose comprises layers of cellulose chain, after first layer is attacked by 
endoglucanase, the second layer of cellulose was exposed and available for 
cellulase. But the total exposed area is always the same during the process of 
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hydrolysis. Therefore the concentration of cellulose (DP≥6) in solid phase is a 
constant during the process. 
    It is also assumed that the adsorption and desorption reactions occur much faster than 
the reaction on cellulose. Therefore, the adsorption steps are always in equilibrium and 
reaction steps are rate-limiting steps, which gives: 
                      !!!!!!" = 𝑘!! [𝐺!!!!! ] 𝐸! − 𝑘!! [𝐺!𝐸!]!!!! = 0    (i≥2)           (19) 
                      !!!!!!" = 𝑘!! [𝐺!!!!! ] 𝐸! − 𝑘!! [𝐺!𝐸!]!!!! = 0    (i≥3)           (20) 
                               !!!!!!" = 𝑘!!][𝐺!] 𝐸! − 𝑘!![𝐺!𝐸!] = 0                            (21) 
Or 
                            [𝐺!𝐸!]!!!! = 𝐾! [𝐺!!!!! ] 𝐸!     (i≥2)                                (22)    
                            [𝐺!𝐸!]!!!! = 𝐾! [𝐺!!!!! ] 𝐸!     (i≥3)                                (23)    
                                   [𝐺!𝐸!] = 𝐾![𝐺!] 𝐸!                                                     (24)    
Where 𝐾! = !!!!!_ , 𝐾! = !!!!!_ , 𝐾! = !!!!!_ . k1+, k1- ,k2+,k2- k3+ and k3- are rate constants for E1, E2 
E3 adsorption step, while K1, K2 and K3 are equilibrium constants. [E1], [E2] and [E3] are 
concentrations of free E1, E2 and E3. n is maximum DP of cellulose. 
    In this study, the rate of glucose production is investigated. The irreversible 
deactivation of cellulases during hydrolysis and competitive inhibition of glucose on E3 
and cellobiose on E2 are considered in this model: 
                                    𝐺 + 𝐸! !!! 𝐺𝐸!                                               (25) 
                                    𝐺! + 𝐸! !!! 𝐺!𝐸!                                             (26) 
                                   𝐸! 𝐸!"   (i=1, 2, 3)                                         (27) 
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Where K3’ is equilibrium constant of glucose’s adsorption on E3; K2’ is equilibrium 
constant of cellobiose adsorbed on E2; (GE3) and (G2E2) are end-product complexes; E1d, 
E2d, and E3d are deactivated cellulases. Based on the data from literature [81], the rate of 
enzyme deactivation was considered as exponential decay. The rate of deactivation of 
cellulase can be expressed as: 
                                  !!!!" = −𝜆[𝐸!]    (i=1, 2, 3)                                   (28) 
Where λ is exponential decay constant. 
    For Eqn. (10), (12), (14), (16) and (18), all of them are possible to produce glucose. 
The rate of glucose is shown below: 
              𝑟! = 2𝑘! [𝐺!𝐸!]!!!! + 2𝑘![𝐺!𝐸!]+ 2𝑘![𝐺!𝐸!]                    (29) 
Combine Eqn. (29) with Eqn. (22), (23), (24), we obtain 
      𝑟! = 2𝑘!𝐾! [𝐺!!!!! ] 𝐸! + 2𝑘!𝐾![𝐺!][𝐸!]+ 2𝑘!𝐾![𝐺!] 𝐸!        (30) 
To derive the expression of [E1], [E2] and [E3], the enzyme balances of three enzymes are 
made: 
               𝐸!  !"!#$ = 𝐸! + 𝐸!𝐺! +⋯+ 𝐸!𝐺! + [𝐸!!]                   (31) 
               𝐸!  !"!#$ = 𝐸! + 𝐸!𝐺! +⋯+ 𝐸!𝐺! + [𝐸!!]                                        (32) 
             𝐸!  !"!#$ = 𝐸! + 𝐸!𝐺 + 𝐺𝐸!𝐺 + 𝐸!𝐺! + [𝐸!!]                              (33) 
Where [E1 total], [E2 total] and [E3 total] are total enzyme concentration of E1, E2 and E3; [E1d], 
[E2d] and [E3d] are concentration of deactivated form of E1, E2 and E3. 
Combine Eqn. (31)-(33) with (22)-(26) and (28), the concentration of free E1, E2 and E3 
can be derived. 
                                           𝐸! = !!!" !!  !"!#$!!!! [!!]!!!!                                            (34) 
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                                        𝐸! = !!!" !!  !"!#$!!!!! ! !!! [!!]!!!!                                                                                     (35) 
                                     𝐸! = !!!" !!  !"!#$!!!!! ! !!!!" ! !!!![!!]                                  (36) 
Substituting Eqn. (34)-(36) into (30), we obtain 
   𝑟! = !!!!! [!!]!!!" !!  !"!#$!!!!!!!! [!!]!!!! + !!!!![!!]!!!" !!  !"!#$!!!!! ! !!! [!!]!!!! + !!!!![!!]!!!" !!  !"!#$!!!!! ! !!!!" ! !!!![!!]   (37) 
In this study, except glucose and cellobiose, other oligomers were not detected in 
hydrolysis product and the concentration of cellobiose is almost constant during 
hydrolysis. Therefore the concentration of oligomers was zero and cellobiose 
concentration in this model can be derived from an average value of all measured 
cellobiose. Then, Eqn. (37) can be further simplified. 
                𝑟! = !!!!!( [!!]!!!)!!!" !!  !"!#$!!!!!!!! [!!]!!!! + !!!!![!!]!!!" !!  !"!#$!!!!! ! !!!!" ! !!!![!!]                              (38) 
The batch reactor was used in this study. Do mass balance for glucose in the reactor: 
                                                  𝑟! = !"!"                                                            (39) 
Combine Eqn. (38) with Eqn. (39), we obtain: 
                !"!" = !!!!!( [!!]!!!)!!!" !!  !"!#$!!!!!!!! [!!]!!!! + !!!!![!!]!!!" !!  !"!#$!!!!! ! !!!!" ! !!!![!!]                              (40) 
4.5 Kinetics simulation with hydrolysis data 
    The kinetic model built in this work is applicable for enzymatic hydrolysis of cellulose. 
The concentrations of glucose and cellobiose were quantified by proton NMR. The effect 
of enzyme loading was researched and the result was applied to simulate with kinetic 
model. Fig. 23 and 24 show the kinetic model fitting with experimental data. The 
parameters was derived and shown in Table 4 and 5 respectively. From results, E3 totalk3 is 
much larger than E1 totalk1, suggesting the higher activity and high proportion of β-
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glucosidase compared to endoglucanase. The adsorption constant of β-glucosidase K3 is 
much higher that adsorption constant of enduglucanase K1, which reveals a higher 
adsorption efficiency in β-glucosidase. This also explained the low cellobiose 
concentration in the system. For K3’, adsorption constant of glucose on β-glucosidase, its 
higher value shows a strong inhibition effect caused by glucose on β-glucosidase. The 
value of G2 is derived from experimental data, which is the average value of cellobiose 
concentration during enzymatic hydrolysis. Both R2 of Fig. 23 and 24 are 0.97 and the 
standard deviation of Fig. 23 and 24 are 1.27 and 1.34 respectively.  
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Figure 22. Enzymatic hydrolysis dynamics of glucose concentration at 5.55FPU/g. Dots 
are experimental data from NMR analysis and the line is calculated from the model. 
 
Table 4. Parameters derived from model at 5.55FPU/g. 
E1 total k1(gl-1h-1) K1(l/g) E3 total k3(gl-1h-1) K3(l/g) K3'(l/g) Gn(g/l) G2(g/l) λ(h-1) 
5.63E-6 1.95E-4 4514.05 0.45 53.8 4.0 0.31 0.0093 
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Figure 23. Enzymatic hydrolysis dynamics of glucose concentration at 11.1FPU/g. Dots 
are experimental data from NMR analysis and the line is calculated from the model. 
 
Table 5. Parameters derived from model at 11.FPU/g. 
E1 total k1(gl-1h-1) K1(l/g) E3 total k3(gl-1h-1) K3(l/g) K3'(l/g) Gn(g/l) G2(g/l) λ(h-1) 
1.13E-5 1.95E-4 9028.1 0.45 53.8 4.0 0.35 0.0093 
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Chapter 5 
Conclusion 
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Paulownia wood pulp after pretreatment of hot water extraction and delignification 
is a good material for enzymatic hydrolysis. Based on the result of the compositional 
analysis that wood pulp contains 85.4% of cellulose. The cellulase generously supplied 
by Novozymes was employed as a catalyst. Three significant effectors (temperature, pH, 
and enzyme loading) of enzymatic hydrolysis were studied. The temperature, pH, and 
enzyme loading play a key role in enzyme activity, enzyme adsorption and desorption 
rate on the substrate. 
 For temperature experiment, the highest sugar yield of enzymatic hydrolysis was 
reached at 55°C in 72 hours. The hydrolysis rate was observed to increase with increasing 
temperature at short reaction times, while decrease with increasing temperature at long 
reaction times. For pH, the highest conversion was achieved at 4.8 for a reaction time of 
96 hours. It was found that sugar yield increased with higher pH before 4.8 and decreased 
with increasing pH after 4.8. The effect of enzyme loading was also investigated. The 
glucose yield increases with higher enzyme loading and highest yield was reached at 62.5% 
at 166h while enzyme concentration was 18.5FPU/g. Proton NMR quantification of 
hydrolysis products shows that the reaction requires as long as 200 hours to reach the 
equilibrium. Unlike the typical duration set of enzymatic hydrolysis, which is 72 hours, at 
least 200 hours are needed to reach equilibrium of glucose. 
A mechanistic kinetic model considering the deactivation of enzyme and product 
inhibition was developed to explain the process of enzymatic hydrolysis. Based on the 
simulation results, cellobiose was remained at low concentration due to the large content 
of β-glucosidase in the cellulase complex and its high reactivity. It was found that 
adsorption rate of β-glucosidase is higher than endoglucanase. A strong product 
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inhibition effect of glucose was observed. The experiment data of changing concentration 
of glucose has been employed to validate this model. 
    In this study, the kinetic model only applied to the effect of enzyme loading. The 
application of model on the effect of temperature and pH should be included in future 
works. For pH effect, the binding of the enzyme on proton and hydroxide need to be 
considered. For temperature effect, the rate constant changes with temperature following 
Arrhenius equation. To research the cellulose oligomer production in enzymatic 
hydrolysis, instead of the cellulase complex, use the three types of cellulase 
(endoglucanase, exoglucanase, and β-glucosidase) individually to find an appropriate 
ratio, which can have a higher concentration of cellulose oligomers in hydrolysis product. 
    For the future works considering improve the conversion of enzymatic hydrolysis, a 
CSTR reactor can be applied to decrease the glucose concentration in the reactor, which 
can reduce the inhibition effect of glucose. Meanwhile, the immobilized enzyme can be 
used to lower the cost because of its easily recycling and greater stability. 
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